An extensive collisional-radiative model for the argon atoms in a glow discharge has been developed. Sixty-five effective argon atomic levels are considered. The processes taken into account are radiative decay, electron, fast argon ion and argon atom and thermal argon atom impact ionization, excitation and deexcitation between all the levels, electron-ion radiative recombination, and electron-ion three-body recombination where the third body is an electron, fast argon ion or atom, or a thermal argon atom. Some additional processes are incorporated for the two 4s metastable levels, i.e., Penning ionization of sputtered atoms, two-and three-body collisions with argon ground state atoms, collisions between two atoms in a metastable level, and diffusion and subsequent deexcitation at the walls. Typical results of the model are the populations of the various excited levels as a function of distance, and the relative contributions of different populating and depopulating processes for all levels.
I. INTRODUCTION
Glow discharges are used in a range of application fields: in the microelectronics industry for thin film deposition and plasma etching, as plasma display panels, as metal vapor ion lasers, as fluorescent lamps, and also in analytical chemistry, as spectroscopic sources for mass spectrometry and optical emission spectrometry. In the latter application, the cathode of the glow discharge is constructed from the material to be analyzed; the cathode is bombarded by the plasma particles ͑predominantly fast argon atoms and argon ions͒, and the sputtered ͑analytically important͒ atoms arrive in the plasma where they can be ionized or excited, making the glow discharge useful as source for mass spectrometry and optical emission spectrometry. 1, 2 In the past, we have been modeling a glow discharge used as an ion source for mass spectrometry ͑see e.g., Refs. 3-10͒, i.e., with special emphasis on the ionization of argon and sputtered atoms, and on the behavior of these ions. However, we would now like to extend our modeling work to the application of glow discharges for optical emission spectrometry, i.e., by calculating the optical emission profiles and the behavior of the various excited levels. This topic can be studied by so-called collisional-radiative ͑CR͒ models, i.e., the level populations of the different excited states are determined by a range of collisional and radiative processes. A number of CR models have been reported in the literature, e.g., Refs. 11-23. An excellent review of CR models in different types of plasmas is presented in Ref. 18 . CR models are not only utilized for studying the population distribution over the different excited states; they give also information about the relative importance of the different populating and depopulating processes. Moreover, they are also useful for plasma diagnostic studies ͑determination of temperatures from the intensities of spectral lines͒, and they are of fundamental importance for modeling light sources.
In most CR models, a Maxwellian energy distribution is assumed for the electrons. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, this assumption is not justified in the analytical glow discharges which we like to describe and which operate at voltages of about 1 kV; indeed, the electrons have an energy distribution ranging from thermal to maximum energy ͑e.g., 1000 eV͒. 3, 4 Therefore, we use a Monte Carlo ͑MC͒ model for the electrons to calculate the electron energy distribution, and this MC model is combined with a CR model for argon. The electron MC model was developed before, 3, 4 but has been extended here to a wide range of other collision processes which are relevant for the CR model ͑i.e., detailed excitation and deexcitation between different levels, and ionization and recombination for all these levels; see below͒.
The CR model presented in this article is an extension of the model of Vlcek, 21 with a more detailed analysis of the two 4s metastable levels, and with the incorporation of fast argon ion and atom impact ionization and excitation between the different levels. Indeed, it was shown that in glow discharges which operate at voltages of about 1 kV, fast argon ion and atom impact ionization and excitation play an important role close to the cathode, in the region called ''cathode dark space'' ͑CDS͒, where a strong electric field is present and where the argon ions and argon atoms ͑created from the argon ions by symmetric charge transfer and elastic collisions͒ can reach high energies. 5, 6, 10, [24] [25] [26] Therefore, a MC model for argon ions and fast argon atoms has been developed here, incorporating detailed fast argon ion and atom impact excitation and deexcitation, and ionization and recombination for all the levels, and the results are used as input in the present CR model.
The setup of our CR model is described in Sec. II, and a discussion about the basic data is given in Sec. III. Section a͒ Author to whom correspondence should be addressed; electronic mail: bogaerts@uia.ua.ac.be IV presents the typical results, i.e., the level populations of the various excited states and the relative importance of the different populating and depopulating processes.
II. DESCRIPTION OF THE MODEL
The present CR model forms part of a comprehensive modeling network with different submodels for the various species present in the glow discharge. The plasma is assumed to consist of thermal argon atoms in the ground state and in different excited levels, argon ions in the ground state ͓more or less thermalized in the negative glow ͑NG͒, and with somewhat higher kinetic energies in the CDS͔, fast argon atoms in the ground state in the CDS, electrons with energies ranging from thermal to maximum energy ͑i.e., 1000 eV fora1kVdischarge voltage͒, and sputtered atoms. The latter play a role in a loss process for the argon metastable atoms, by Penning ionization ͑see below and Refs. 6 and 10͒.
All these species are described by a combination of MC and fluid models. The behavior of the electrons throughout the discharge, and of the argon ions and fast argon atoms in the CDS is described with a MC model [3] [4] [5] 7 ͑see also Sec. III͒. Further, the argon ions are also treated with a fluid model throughout the discharge, together with a group of thermalized electrons; 4,7 the balance and transport equations of this model are coupled to the Poisson equation, and a self-consistent electric field is calculated, which is used to describe the behavior of the electrons, argon ions and fast argon atoms with the MC model. The behavior of the sputtered atoms, i.e., thermalization after sputtering from the cathode, further diffusion, ionization ͑by Penning ionization due to argon metastable atoms, asymmetric charge transfer due to argon ions, and electron impact ionization͒, and the transport of the created ions are described with a combination of two MC simulations and one fluid model, as is explained in detail in Refs. [8] [9] [10] . Finally, the various excited levels of the argon atom are handled with a CR model, as will be described in detail in the present article. Figure 1 shows an energy level diagram of argon, with the 65 discrete effective levels used in the model. 21 Only excited levels due to one electron excitation are incorporated in the model. The ground state and the four 4s levels are considered separately, the higher levels are grouped into effective levels according to their excitation energy and their core quantum number ( j c ). Indeed, the levels are divided into two subsystems, with two different ionization limits: the ''primed'' system ͑j c ϭ1/2, corresponding to the ionization limit 2 P 1/2 in Ar ϩ ͒ and the ''unprimed'' system ͑j c ϭ3/2, with ionization limit 2 P 3/2 in Ar ϩ ͒. The effective levels are indicated with the effective level number n. The designation ͑according to Moore͒, 27 the excitation energy and the statistical weights of these effective levels are also listed in Table  I . The collisional and radiative processes taken into account in the model are the following:
͑1͒ Electron impact excitation and de-excitation between all the levels. ͑2͒ Fast argon ion impact excitation and de-excitation between all the levels, in the CDS. ͑3͒ Fast argon atom impact excitation and de-excitation between all the levels, in the CDS. ͑4͒ Thermal argon atom impact excitation and deexcitation between all the levels. ͑Excitation and deexcitation by thermal argon ions in the NG is neglected, since the density of these ions is 4 to 5 orders of magnitude lower than the thermal argon atom density. 
͑5͒
Radiative decay ͑and photo-excitation͒ between all the levels. ͑6͒ Electron impact ionization from, and three-body recombination to all levels ͓the third body is an electron͔. ͑7͒ Fast argon ion impact ionization from all levels, and three-body recombination to all the levels ͓the third body is a fast argon ion͔, in the CDS. ͑8͒ Fast argon atom impact ionization from all levels, and three-body recombination to all levels ͓the third body is a fast argon atom͔, in the CDS. ͑9͒ Thermal argon atom impact ionization from all levels, and three-body recombination to all levels ͓the third body is a thermalized argon atom in the ground state͔. ͑The corresponding processes by thermal argon ions in the NG are not considered, due to their much lower density.͒ ͑10͒ Radiative recombination to ͑and photoionization from͒ all the levels.
The net rate of radiative decay ͑process 5͒ is given by the Einstein transition probability, multiplied by an ''escape factor'' ͑⌳͒, describing the effect of ''radiation trapping''. [28] [29] [30] [31] Indeed, a fraction of the emitted radiation from an upper (m) to a lower (n) level can again be absorbed by the lower level, leading to re-excitation from the lower to the upper level, i.e., called ''radiative excitation or photoexcitation.'' This effect is only important when the lower level is the atom ground state, since the number density of the ground state is many orders of magnitude higher than the excited level number densities ͑Ref. 32 and see further͒. As will be shown later, when the lower level n is 1, ⌳(m,1) is of the order of 10 Ϫ3 , whereas ⌳(m,n)(n 1) can be taken equal to 1. Hence, photoexcitation can be neglected for the excited levels (nϾ1). For radiative recombination and photoionization, a similar reasoning can be applied. To avoid the complex problem of radiation transfer, photoionization is also accounted for by means of the escape factors ⌳(n). For nϭ1, ⌳͑1͒ is taken as the minimum of all ⌳(m,1) values, and the rate of photoionization is given by: R ionph ϭ͓1Ϫ⌳(1)͔*R rad.recomb . For nϾ1, ⌳(n) can again be assumed to be equal to 1 ͑due to the much lower population densities͒, and photoionization can be neglected.
Some additional processes are incorporated for the two 4s metastable levels ͑level nϭ2 and 4͒: atoms. This leads, in principle, to ͑i͒ collision induced emission and ͑ii͒ collision transfer to the nearby resonant levels. However, it is claimed in the literature [33] [34] [35] that collision induced emission is the dominant process. Since collision transfer to the resonant levels is already described by process 4, only collision induced emission is considered here:
͑13͒ Three-body collisions with thermal argon ground state atoms, leading to the formation of Ar 2 *.
͑14͒ Metastable atom-metastable atom collisions, leading to the ionization of one of the atoms. ͑15͒ Diffusion and subsequent deexcitation at the walls. For the other ͑nonmetastable͒ excited levels diffusion may be neglected with respect to the collisional and radiative processes ͑see the use of the quasistationary state model discussed in greater detail in Refs. 11 and 36͒.
The level populations of the different excited levels (nϭ2 -65) are calculated with a set of coupled balance equations describing all the different collisional and radiative processes. The balance equations are one dimensional, since it was shown 37 that for the typical glow discharge cells used in analytical chemistry ͑cell radius and cell length of comparable dimensions͒, the results of one-dimensional models are in good agreement with three-dimensional modeling results. The population of the ground state (nϭ1) is simply calculated by the ideal gas law from the pressure and gas temperature, since the different collisional and radiative processes have a negligible effect on the overall argon atom density.
The balance equations for the excited levels are given by:
where N is the population density of the levels, J is their flux, and R prod and R loss comprise all production ͑populating͒ and loss ͑depopulating͒ processes, respectively. The production occurs by electron, fast argon ion, fast argon atom, and thermal argon atom impact excitation from all lower levels ͑1͒, by electron, fast argon ion, fast argon atom, and thermal argon atom impact de-excitation and radiative decay from all higher levels (m), by radiative electron-ion recombination and by three-body electron-ion recombination where the third body is an electron, fast argon ion, fast argon atom or thermal argon atom:
͓R exc,e ͑ l,n,z ͒ϩR exc,i ͑ l,n,z ͒ϩR exc,a ͑ l,n,z ͒ϩR exc,th ͑l,n,z͔͒
͓R de-exc,e ͑ m,n,z ͒ϩR de-exc,i ͑ m,n,z ͒ϩR de-exc,a ͑ m,n,z ͒ϩR de-exc,th ͑m,n,z͒ϩ⌳͑m,n͒*A͑m,n͔͒ ϩ⌳͑n͒*R rad.recomb ͑ n,z ͒ϩR 3brecomb,e ͑ n,z ͒ϩR 3brecomb,i ͑ n,z ͒ϩR 3brecomb,a ͑ n,z ͒ϩR 3brecomb,th ͑n,z͒.
The loss includes electron, fast argon ion, fast argon atom, and thermal argon atom impact excitation to all higher levels (m), electron, fast argon ion, fast argon atom and thermal argon atom impact de-excitation, and radiative decay to all lower levels ͑1͒, and electron, fast argon ion, fast argon atom, and thermal argon atom impact ionization. For the metastable levels, radiative decay is of course not included. However, these levels can also be depopulated by Penning ionization of sputtered atoms, two-and three-body collisions with argon ground state atoms and metastable atom-metastable atom collisions.
͓R exc,e ͑ n,m,z ͒ϩR exc,i ͑ n,m,z ͒ϩR exc,a ͑ n,m,z ͒ϩR exc,th ͑n,m,z͔͒
͓R de-exc,e ͑ n,l,z ͒ϩR de-exc,i ͑ n,l,z ͒ϩR de-exc,a ͑ n,l,z ͒ϩR de-exc,th ͑n,l,z͒ϩ⌳͑n,l͒*A͑n,l͔͒ ϩR ioniz,e ͑ n,z ͒ϩR ioniz,i ͑ n,z ͒ϩR ioniz,a ͑ n,z ͒ϩR ioniz,th ͑n,z͒ϩR pi ͑n,z͒ϩR 2b ͑n,z͒ϩR 3b ͑n,z͒ϩR met ͑ n,z ͒.
The symbols used for all the processes are the following: R exc,e /R exc,i /R exc,a /R exc,th , R de-exc,e /R de-exc,i /R de-exc,a / R de-exc,th , and R ioniz,e /R ioniz,i /R ioniz,a /R ioniz,th are the rates of electron, fast argon ion, fast argon atom and thermal argon atom impact excitation, de-excitation and ionization; R rad,recomb /R 3brecomb,e /R 3brecomb,i /R 3brecomb,a /R 3brecomb,th are the rate of radiative recombination and three-body recombination where the third body is an electron, fast argon ion, fast and thermal argon atom; A and ⌳ are the Einstein transition probability and escape factor, resp.; and R pi /R 2b /R 3b /R met are the rates for Penning ionization, two-and three-body collisions with argon ground state atoms, and metastable atom-metastable atom collisions.
An additional loss process is given by the transport term ͑diffusion and subsequent de-excitation at the walls͒:
This term is only important for the metastable levels (nϭ2,4). For the other levels, it can be neglected with respect to the collisional and radiative processes, as mentioned before.
Since the population of level n is determined by the higher and lower levels due to excitation and de-excitation, the 64 balance equations for the 64 effective excited levels (nϭ2 -65) are solved simultaneously at each time step, until convergence is reached.
III. DISCUSSION OF THE BASIC DATA

A. Electron induced processes
As mentioned before, at the typical glow discharge conditions studied here, the electrons are not characterized by a Maxwellian energy distribution but they have energies ranging from thermal to maximum energy ͑e.g., 1000 eV for a 1 kV discharge voltage͒. Therefore, we describe their behavior with a MC model taking into account all collision processes mentioned above ͑i.e., electron impact excitation and deexcitation between all 65 levels, electron impact ionization from all levels, electron-ion radiative recombination and electron-ion three-body recombination where the third body is an electron͒. Moreover, elastic collisions with argon atoms and electron-electron Coulomb scattering are also incorporated. The latter process affects largely the electron energy distribution at low energies. 38, 39 Collisions with the sputtered copper atoms are not included here. They were, however, taken into account in our previous versions of the MC model, but it was found that for the discharge conditions under study the copper atoms are of minor importance ͑its density is 4 orders of magnitude lower than the argon atom density͒, 9, 10 and hence they have a negligible effect on the electron energy distribution. Similarly, electron-argon ion interactions were neglected in this MC model, because the argon ion density is about 4 to 5 orders of magnitude lower than the argon atom density 4, 7 and collisions with argon ions can, therefore, be considered of minor importance.
The electron MC model follows all electrons which started at the cathode by secondary electron emission, and the electrons formed in the glow discharge plasma by electron, fast argon ion and atom impact ionization. The principles of the present electron MC model are the same as for our previous MC model, and the details can be found in Refs. 3, 4, and 7. The only differences with our previous model are the following: ͑i͒ the electrons are not transferred to the thermal electron group ͑described in a fluid model͒ 4, 7 when their energy is lower than a certain threshold energy but the entire electron population is described by the MC model, and ͑ii͒ new collision processes are added to the model ͑i.e., detailed excitation, de-excitation, ionization, and recombination for all 65 levels, as well as electron-electron Coulomb scattering.
The cross sections for electron impact ionization from the different effective levels n, as a function of the electron energy were calculated from:
where a 0 is the first Bohr radius of the hydrogen atom, ⑀ 1 H is the ionization energy for atomic hydrogen in the ground state, E ioniz (n) is the ionization energy of the effective level n, n is the number of energetically equivalent electrons in shell n ͑ n ϭ6 for nϭ1 and n ϭ1 for nϾ1͒, and ␣ n and ␤ n are level-dependent parameters. 21 The cross section for electron impact ionization from the ground state (nϭ1) is, however, adopted from Refs. 40 and 41, because of the availabil-ity of a differential ionization cross section ͑calculation of the energies of the primary and secondary electrons͒:
͑nϭ1,E ͒ϭ10
where aϭ͓EϪE ioniz (nϭ1)͔/2, and ⑀ϭ1.2Ϫ250/͓E ϩ2E ioniz (nϭ1)͔. For electron impact ionization from the excited levels we did not use a differential cross section but the energy is simply divided between the primary and secondary electron based on a random number ͑RN͒:
and
This assumption is justified since ionization from the excited levels is many orders of magnitude lower than ionization from the ground state and it does not affect the electron energy.
These empirical cross sections were compared with experimental values when available. The ionization cross section from the ground state (nϭ1) is in excellent agreement with the experimental results of Rapp et al., 42 and the cross sections for ionization from the 4s and 4p states (nϭ2 Ϫ11) are in satisfactory agreement with the experimental data presented by Hyman, 43 as was also shown in Ref. 21 . For the more excited levels, we are not aware of experimental data.
The cross sections for electron impact excitation between the levels are also taken from Ref. 21: 
where n and m denote the lower and upper level, respectively, E is the electron energy, and A and F symbolize the cross sections for optically allowed ͑⌬lϭϮ1, ⌬Jϭ0, Ϯ1, but not Jϭ0→Jϭ0͒, and forbidden transitions, respectively:
where E mn is the energy difference between level m and level n (E mn ϭE m ϪE n ), f mn is the oscillator strength of the transition, ␣ mn and ␤ mn are transition-dependent parameters, and P and S reflect the parity-and spin-forbidden transitions, respectively. For the optically allowed transitions ͑⌬lϭϮ1, ⌬Jϭ0,Ϯ1, but not Jϭ0→Jϭ0͒, intercombination transitions between the primed ( 2 P 1/2 ) and unprimed ( 2 P 3/2 ) system are taken into account for 2рnϽmр45, but they are neglected for 2рnр45Ͻmр65 and 45рnϽmр65. Moreover, the parity forbidden transitions (⌬l Ϯ1) are only considered within the primed or unprimed system ͑no intercombination transitions͒ for 2рnϽmр45 ͑except for the transitions between the first four excited states, where intercombination transitions are included; see below͒, and they are totally neglected for higher transitions. Indeed, when ⌬l Ϯ1, the rules ⌬JϾ1o rJ ϭ 0 → J ϭ 0, or the intercombination between primed and unprimed system represent further bans for a transition, and the cross sections are therefore expected to be very small. The semiempirical formula are originally proposed by Drawin; 44 they have also been extensively evaluated by Kimura et al., 45 and they have been discussed by Vlcek as well, 21 so that we refer to these papers for more information.
The above formula were used for all possible transitions, except for the optically forbidden transitions between the first four excited levels, where we used the following cross sections: . The cross sections for electron impact de-excitaton between the effective levels are obtained from the corresponding cross sections for electron impact excitation, based on the principle of detailed balancing:
where EЈϭEϪE mn , and g n and g m are the level degeneracies of the lower and upper level, respectively. The cross sections for three-body electron-argon ion recombination to the 65 effective levels ͑when the third body is an electron͒ are obtained from the electron impact ionization cross sections, in a manner similar as for electron excitation/de-excitation:
where EЈϭEϪE ioniz (E)ϪE b , and e b Ϫ is the originally bound electron. A precise description of three-body recombination leads to the conversion formula between the differ-ential cross sections for ionization and three-body recombination, ioniz (n,E,E b ) and 3bϪrecomb (n,EЈ,E b ), which depend on the energy of the bound electron, E b . However, when assuming E b ϭ0, the conversion formula between ioniz (n,E) and 3b-recomb (n,EЈ) can be written as:
where EЈϭEϪE ioniz (n), n e is the electron density, g 1 ϩ is the statistical weight of the ion ground state ͑i.e., different for the primed and unprimed system: g 1 ϩ ϭ6 when nϭ1 ͑atom ground state͒, g 1 ϩ ϭ4 or 2 when the atom level n belongs to the unprimed ( 2 P 3/2 ) or primed ( 2 P 1/2 ) system, respectively͒, h is the Planck constant, m e is the electron mass, k is the Boltzmann constant, and T e corresponds to the mean electron energy in the glow discharge.
The cross section for electron-argon ion radiative recombination is again deduced from its inverse process, i.e., photoionization:
where EϭhϪE ioniz (n), c is the speed of light, h is the photon energy responsible for photoionization, and the cross section for photoionization was presented in Ref. 21 . Finally, the cross section for electron elastic collisions with argon atoms is taken from Refs. 46 and 47, and the one for electron-electron Coulomb scattering is adopted from Ref. 39 . The cross section of electron-electron Coulomb scattering is very high, especially at low energies ͑i.e., 10 Ϫ7 cm 2 at 0.01 eV dropping to about 3ϫ10 Ϫ17 cm 2 at 1000 eV͒, and since the energy transfer between two electrons is very efficient due to their equal mass, it can be expected that this process has a large effect on the electron energy at low energies. Nevertheless, it must be taken into account that the density of the target particle ͑i.e., electrons͒ is many orders of magnitude lower than the argon ground state atom density ͑i.e., n e ϳ10 11 -10 12 cm Ϫ3 and n Ar ϳ10 16 cm Ϫ3 ͒, so that this process is, in practice, only important at electron energies of a few eV and lower.
The electron energy distribution calculated with this detailed MC model is indeed characterized by energies ranging from 0 to 1000 eV, but in the NG most electrons have rather low energies ͑around 0.4 eV͒, as is shown, e.g., in Ref. 48 .
B. Fast argon ion and atom induced processes
Since it was demonstrated before 5, 6, 10, [24] [25] [26] that fast argon ions and atoms can produce a rather large amount of ionization and excitation in the CDS close to the cathode, the ionization and excitation processes induced by these species are also included in our model. The behavior of the fast argon ions and atoms in the CDS ͑this is the only region where they are actually present͒ is also calculated with a MC model. The collision processes described in the MC model include fast argon ion and atom impact excitation and deexcitation between all 65 levels, ionization from the levels, and electron-ion three-body recombination where the third body is a fast argon ion or atom. Additional collision processes incorporated, are elastic collisions with thermal argon atoms, for both argon ions and atoms, and symmetric charge transfer collisions for the argon ions. Since the latter process is a collision between an atom and ion of the same kind ͑i.e., argon͒, the argon ion is formed in the ground state, which gives perfect energy resonance. This is in contrast to asymmetric charge transfer between argon ions and ͑e.g.͒ copper atoms, in which copper ions are mainly formed in excited levels, because this yields a higher cross section due to energy resonance.
It should be mentioned that the term ''fast'' is used for all argon ions in the CDS; indeed, when they are slowed down after a collision, they gain almost immediately energy again from the electric field. On the other hand, ''fast argon atoms'' are those with energies higher than thermal energy; when they reach a certain threshold of 0.06 eV ͑i.e., the thermal atom energy at the assumed gas temperature of 450 K͒, they are transferred to the thermal argon atom group.
The principles of this MC model are the same as for the previously developed argon ion and fast argon atom MC model 3, 5, 7 but again complemented with detailed excitation, de-excitation, ionization, and recombination for all 65 levels.
The cross sections for elastic collisions of the argon ions and atoms as a function of the argon ion and atom energies are taken from Ref. 49 , like in our previous model. 7 It should be mentioned that the elastic collisions for the ions include also symmetric charge transfer. Indeed, there is no change in kinetic energy of the collision partners, only an electron is transferred; therefore this process is also called ''elastic''. 49 The cross sections for argon ion and atom impact ionization from the 65 effective levels were proposed by Drawin and Emard:
where m H , m Ar , and m e are the masses of hydrogen and argon atoms and of electrons, respectively, and the other symbols have been explained before. For ionization from the ground state level, however, we used the experimental cross sections, recommended by Phelps. 51 At high energies, these cross sections are of comparable magnitude to the corresponding cross sections for electron impact ionization.
The cross sections for argon ion and atom impact excitation between the 65 levels are taken similar to the cross sections for argon ion and atom impact ionization ͑see above͒, but the ionization energy ͓E ioniz (n)͔ is replaced by the energy difference between the levels ͓E mn ϭE excit (m) ϪE excit (n)͔, and the cross section is multiplied by the oscillator strength, f mn . 21, 50 It should be mentioned that this for-mula yields only nonzero values for the cross sections when f mn 0, i.e., for optically allowed transitions. For argon ion and atom impact excitation from the ground state, this formula computes, therefore, a cross section equal to zero for excitation to the 4 p states, whereas it is demonstrated experimentally that the cross sections for these excitation transitions can be rather high. 25, 26, 51, 52 Therefore, for excitation from the ground state, we have used the data of Phelps:
51 for excitation to the four 4s levels (nϭ2 -5) we used the cross sections for UV excitation, whereas excitation to the 4 p levels is represented by the cross sections of 811 and 795 nm emission. For excitation to higher levels, it was found in Ref.
52 that the total cross section for 5p excitation and for 4d excitation is a fraction of 0.03 and 0.1 of the total cross section for 4 p excitation, resp. The total cross section for excitation to the 5d levels is 0.02* 4p , and 6d and 7d are 0.01* 4p . The cross sections for excitation to the higher lying ns (nу5) and np (nу6) levels were estimated to be about one order of magnitude smaller than those for the corresponding nd levels. We have not found any data for excitation to the 3d levels, but based on their excitation energy we take the cross sections intermediate to the cross sections for 4p and 5p excitation. Only excitation to the effective levels nр21 are taken into account; excitation to higher levels may be assumed to be negligible in the energy range of interest to us. Although the results of the empirical formula of the excitation cross sections 21, 50 are not in complete agreement with these experimental cross sections ͑e.g., the cross sections to the 4p levels are calculated to be zero with the empirical formula͒, the absolute values of the other calculated cross sections are in reasonable agreement with the experimental values, which is a validation of the empirical formula. This empirical formula is therefore used for excitation between the excited levels ͑also due to the lack of other experimental data͒.
The cross sections for argon ion and atom impact deexcitation are deduced from the corresponding cross sections for excitation, based on the principle of detailed balancing, similar as for the electrons ͑see above͒. At high energies the cross sections for argon ion and atom impact excitation and de-excitation become again comparable to the corresponding cross sections for electron impact excitation and deexcitation.
The cross sections for electron-argon ion three-body recombination, where the third body is an argon ion or fast argon atom, are again obtained from the cross sections for argon ion and atom impact ionization, in analogy to the electron cross sections.
From running this MC model, it follows that the calculated energy distributions of fast argon ions and atoms decrease clearly towards higher energy ͑see e.g., Refs. 3 and 48͒.
C. Thermal argon atom induced processes
The thermalized argon atoms can also give rise to ionization and recombination ͑three-body electron-ion recombination where the third body is a thermal argon atom͒ and to excitation and de-excitation between the different levels. Recombination and de-excitation are possible for all levels; ionization and de-excitation can only occur when the energy required for ionization or excitation is lower than the thermal argon atom energy ͑i.e., about 0.06 eV at the assumed gas temperature of 450 K͒, and will therefore only play a role for the highly excited levels. The cross sections used for ionization, deexcitation and three-body recombination are the same as for the fast argon atom induced processes ͑see above͒. For thermal argon atoms with energies of 0.06 eV, the ionization cross section was calculated to be zero for the levels n р57; for levels nϽ57 the computed values range from 5 ϫ10 Ϫ17 to 3ϫ10 Ϫ16 cm 2 . For excitation, however, we did not use the same formula as for fast argon atom impact excitation, because this formula applies only to allowed transitions and we want to describe here both allowed and forbidden transitions. Therefore, we used the following formula for excitation from level n to level m:
where E nm is the energy difference between the levels n and m ͓E nm ϭE excit (m)ϪE excit (n)͔ and b nm is a level dependent parameter. 21 For all transitions, except those between the lowest four excited levels, b nm ϭ8.69ϫ10
Ϫ18 (E nm )
Ϫ2.26
; this relation was derived from comparison with experimental cross section data. 21 For the transition between the 4s and 4sЈ levels (nϭ2 -5) we used: 21 for excitation from nϭ2t o m ϭ 3 and from nϭ4t om ϭ 5: b 23 ; which is based on the results of Tachibana. 53 No further intercombination transitions ͑between primed and unprimed system͒ were considered. For thermal argon atoms with energies of 0.06 eV the excitation cross sections were only nonzero for transitions between the highly excited levels and for some lower levels, which are lying close enough to each other ͑see Fig. 1 and Table I͒.
D. Radiative decay from higher to lower excited levels
As already mentioned before, the rate of radiative decay is given by the Einstein transition probability, multiplied by an escape factor ͑⌳͒, describing the effect of ''radiation trapping.'' The transition probabilities were adopted from Ref. 21 ͓i.e., calculated on the basis of intermediate and ( j,K) coupling͔. However, for the 4s -4p and 4s -5p transitions, which give rise to the two most important groups of Ar I lines in the spectrum, the data recommended by Wiese et al. 54 were utilized. The transition probabilities from and towards effective levels were calculated from the individual values by
where n and m are the lower and upper effective levels, and x and y are the individual levels belonging to the lower and upper effective levels, respectively.
The escape factors are assumed to be equal to 1 ͑i.e., 100% escape of radiation, no radiation trapping͒ for transitions to the lower levels nϾ1. For transitions to the ground state (nϭ1) the escape factors are calculated as follows:
21,28-30 for a cylindrical tube of radius R, and when both Doppler and collisional line broadening are present, it holds:
where T D and T C are the transmission coefficients for pure Doppler and collisional broadening, respectively, and T CD is the coefficient for collisionally broadened emission and Doppler broadened absorption profiles:
k 0 R is the optical depth pertaining to the line center and a is the damping coefficient:
E excit (m) and g(m) are the excitation energy and statistical weight of level m, respectively, A(m,1) is the Einstein transition probability for radiative decay from level m to level 1 ͑the ground state͒ and T gas and N gas are the argon gas temperature ͑450 K͒ and atom density in the ground state, resp. At the pressures usually found in our glow discharges ͑ϳ1 Torr͒ the escape factors were calculated to be typically about 10 Ϫ3 ; hence most emitted radiation for transitions to the ground state is reabsorbed and only a small fraction can escape.
E. Additional data corresponding to the two 4s metastable levels "n‫2؍‬ and 4…
Finally, some additional processes were included in the model for the two 4s metastable levels, similar to our previous model for the argon metastable atoms. 6, 10 Rate coefficients for Penning ionization between argon metastable atoms and sputtered metal atoms are very difficult to find in the literature. We used an empirical formula 55 which we fitted to some experimentally obtained cross sections 55, 56 in order to arrive at approximate values for other elements. In this way, a rate coefficient of 2.36ϫ10 Ϫ10 cm Ϫ3 s Ϫ1 was obtained for copper, and is assumed the same for both level n ϭ2 and nϭ4. The rate coefficients for two-and three-body collisions with thermal argon ground state atoms are adopted from Ref. 53 . Due to the lack of additional data, it was assumed to be the same for collisions between the two levels nϭ2, the two levels nϭ4 and between level nϭ2 and nϭ4. Finally, the diffusion coefficients for both nϭ2 and nϭ4 are 74.6 cm 2 s Ϫ1 at 1 Torr and 300 K.
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IV. RESULTS AND DISCUSSION
The glow discharge cell to which the model is applied is a cylinder of 2 cm length and 4 cm diameter. The cathode is a disk with diameter of 5 mm at the left end of the cell; the remaining parts of the cell are at anode potential. The MC models were developed in three dimensions and the fluid models in two dimensions, i.e., the three dimensions could be reduced to two dimensions due to the cylindrical symmetry of the cell. The present CR model is, however, only one dimensional, mainly to avoid too large matrices ͑i.e., populations and relevant processes of 65 levels in three dimensions͒, and since it was shown before that when cell radius and cell length are of comparable dimensions, the results of one-dimensional models are in good agreement with threedimensional modeling results. 37 The results will always be presented for typical glow discharge conditions of 1000 V, 1 Torr, and 2 mA. Figure 2 illustrates the calculated level populations of the four lowest excited levels of argon, i.e., the 4s͓3/2͔ 2 metastable level (nϭ2), the 4s͓3/2͔ 1 nonmetastable level (nϭ3), the 4sЈ͓1/2͔ 0 metastable level (nϭ4), and the 4sЈ͓1/2͔ 1 nonmetastable level (nϭ5). The 4s͓3/2͔ 2 metastable level (nϭ2) shows a maximum of about 5 ϫ10
A. Level populations
12 cm Ϫ3 at about 0.06 cm from the cathode and decreases more or less exponentially towards the anode backplate. It reaches zero at the cathode (zϭ0) and at the anode backplate (zϭ2 cm) because the excited levels are assumed to be deexcited at the walls. In a previous work, we have developed a model describing the behavior of the argon metastable (4s͓3/2͔ 2 ) level, in one 6 and in two dimensions, 10 using a balance equation with different production and loss processes. The model was, therefore, similar to the present one, but the behavior of the other excited levels was not calculated explicitly. In Ref. 57 this balance equation model ͑in two dimensions͒ was applied to the same cell geometry and discharge conditions as used in the present work. Reasonable agreement is reached between the two models, in spite of their different nature ͑i.e., accounting explicitly for the other excited levels or not͒ and a somewhat different set of cross sections used. Indeed, in the previous model, the metastable level density was also characterized by a pronounced peak adjacent to the cathode, although the absolute value was a factor of about 4 lower than the present result. The argon metastable atom density profile was also measured by laser induced fluorescence in the same cell geometry and at the same discharge conditions, 57 and there was also a maximum observed in front of the cathode ͑although this maximum was not so pronounced as in the calculated results͒. Good agreement is also reached with other experimental profiles for the argon metastable levels presented in Ref. 58 . These profiles were recorded for a radio-frequency discharge at different voltages and pressures, and although direct current and radio-frequency discharges can, in principle, not directly be compared, the results at 1 Torr show a peak in front of the cathode and a decrease further in the cell, which are very similar to the present calculation results.
The population profiles of the other 4s,4sЈ excited levels, i.e., the 4sЈ͓1/2͔ 0 metastable level (nϭ4) and the 4s͓3/2͔ 1 and 4sЈ͓1/2͔ 1 nonmetastable levels ͑nϭ3 and 5, resp.͒, are also depicted in Fig. 2 . The nϭ4 metastable level shows qualitatively the same profile as the 4s͓3/2͔ 2 metastable level. The maximum value is about 3.4ϫ10 12 cm Ϫ3 , which is a factor of 1.5 lower than the nϭ2 metastable level. Further away from the cathode, the difference between n ϭ2 and nϭ4 becomes larger, i.e., at 0.5 cm from the cathode, level (nϭ2) seems to be a factor of 5 more populated than level (nϭ4), and at 1 cm, the ratio of (nϭ2) to (nϭ4) is even equal to 6. This is in reasonable agreement with the statistical weights of both levels, which would predict a factor of 5 difference in population density ͑i.e., g ϭ5 for nϭ2 and gϭ1 for nϭ4͒.
The other two 4s,4sЈ levels (nϭ3,5) are not metastable but they can decay towards the ground state by emission of radiation; this additional loss ͑depopulation͒ process explains the somewhat lower population density of these levels. Except close to the cathode, the level populations seem to decrease in the order: (nϭ2)Ͼ(nϭ4)Ͼ(nϭ3)Ͼ(nϭ5). In Ref. 31 the level populations of the 4s,4sЈ levels were calculated and measured for a range of currents and pressures, and the level populations were found to decrease in the same order 4s͓3/2͔ 2 (nϭ2)Ͼ4sЈ͓1/2͔ 0 (nϭ4)Ͼ4s͓3/2͔ 1 (nϭ3)Ͼ4sЈ͓1/2͔ 1 (nϭ5), which is, at least qualitatively, in good agreement with our results. A slightly different order was, however, found in Ref. 23 for a magnetron discharge. At high currents ͑ϳ1A ͒it appeared that 4s͓3/2͔ 2 (nϭ2) Ͼ4s͓3/2͔ 1 (nϭ3)Ͼ4sЈ͓1/2͔ 0 (nϭ4)Ͼ4sЈ͓1/2͔ 1 (nϭ5), but at lower currents the 4sЈ͓1/2͔ 0 level population became comparable to the 4s͓3/2͔ 1 population and at 0.1 A ͑100 mA, i.e., the lowest current presented in their article͒, the 4sЈ͓1/2͔ 0 level (nϭ4) was again more populated than the 4s͓3/2͔ 1 level (nϭ3), which corresponds well with our findings at a still lower current of 2 mA.
The 4s,4sЈ nonmetastable levels exhibit a somewhat different density profile compared to the 4s,4sЈ metastable levels. Indeed, the density is zero at the walls ͑because the levels are all deexcited at the walls͒, but increases to a pronounced maximum immediately adjacent to the cathode wall, because the lifetime of these levels is small and diffusion from this position to the walls followed by de-excitation can be neglected with respect to radiative decay. This maximum near the cathode is also caused by fast argon ion and atom impact excitation ͑which is only important close to the cathode where the ions and atoms can reach high energies͒ and corresponds to the cathode glow in the glow discharge. Further away from the cathode, the level population decreases almost linearly, but a very small second maximum is observed in the beginning of the NG ͑the interface between CDS and NG was calculated for the present discharge conditions to be at about 0.15 cm from the cathode 59 ͒. Similar density profile shapes can be observed in Fig. 3 , where the population densities of the 4 p,4pЈ levels are illustrated. The profiles are only depicted till zϭ1 cm, since they are negligible further in the cell. The designation of these effective levels, their excitation energy, and statistical weight were presented in Table I . In Ref. 25 different argon atom lines were recorded in a direct current glow discharge, and the optical emission line profiles originating from the lower 4p,4pЈ levels were also characterized by a pronounced maximum in the cathode glow and a small second peak in the beginning of the NG, which is very similar to our population density profiles. Figure 3 shows that the ratio of cathode glow to NG peak decreases slightly with increasing excitation energy of the 4 p,4pЈ levels ͑i.e., the peak in the NG is hardly visible for nϭ6, 7, and 8, whereas it is only a factor 3 smaller than the cathode glow peak for nϭ11͒. Indeed, the peak near the cathode is caused by fast argon ion and atom impact excitation from the ground state level, whereas the NG peak arises mainly from electron impact excitation from the ground state. Ion and atom impact excitation become only important at rather high ion and atom energies ͑100-1000 eV and more, which is generally higher than the mean energies of the argon ions and atoms at the present glow discharge conditions, e.g., less than 100 eV͒ whereas electron impact excitation is already significant at lower energies. It is clear that for highly excited levels more energy is required to produce the same amount of excitation compared to lower levels, and hence that ion and atom impact excitation become less efficient ͑since the argon ion and atom energies are not high enough for efficient excitation͒ compared to electron impact excitation. This effect can also be observed in the optical emission profiles recorded in Ref. 25 : optical emission lines originating from the lower 4p,4pЈ levels have a distinct dominant peak in the cathode glow, whereas this peak decreases gradually and becomes even FIG. 2 . Calculated level population profiles of the 4s͓3/2͔ 2 and 4sЈ͓1/2͔ 0 metastable levels ͑nϭ2 and 4, resp.͒ and the 4s͓3/2͔ 1 and 4sЈ͓1/2͔ 1 nonmetastable levels ͑nϭ3 and 5, resp.͒, at 1000 V, 1 Torr, and 2 mA. comparable to the NG peak for emission lines arising from the higher 4 p,4pЈ levels.
The population densities depicted in Fig. 3 correspond to the effective 4p,4pЈ levels ͑i.e., various individual levels combined into one effective level according to their excitation energy and core quantum number͒ and they do not exactly represent the individual 4p,4pЈ level populations. For example, effective level nϭ6 consists of only one individual level ͑i.e., 4p͓1/2͔ 1 ͒, whereas effective level nϭ7 corresponds to four individual levels ͑i.e., 4p͓3/2͔ 1,2 and 4p͓5/2͔ 2,3 ͒, which is manifested in its higher density, shown in Fig. 3 . We have subdivided again the populations of effective levels into the individual levels, based on the statistical weights, and the resulting populations of the individual levels at the maxima of the profiles ͑i.e., adjacent to the cathode͒ for all 4 p,4pЈ levels are presented in Fig. 4 . In the same figure, also the statistical weights and excitation energies of the various 4 p,4pЈ levels are indicated. As expected, there is a clear correlation between the level populations and the statistical weights. The trend with respect to the excitation energy ͑i.e., decreasing population at increasing excitation energy͒ is only weak, because in fact, the excitation energy varies only a few percent from the lowest to the highest 4p level. It is only significant for the lowest 4p level (nϭ6: 4p͓1/2͔ 1 ͒, which lies indeed clearly below the other 4p,4pЈ levels ͑see Fig. 1͒ . The vertical dashed line on the figure divides the levels into the unprimed ͑core quantum numberϭ3/2, corresponding to the ionization limit 2 P 3/2 in Ar ϩ ͒ and primed system ͑core quantum numberϭ1/2, corresponding to the ionization limit 2 P 1/2 in Ar ϩ ͒. It can be seen that the level populations of the primed system are generally lower than the level populations of the unprimed system, but the same correlation with the statistical weights is still observed. Figure 4 shows that the 4p,4pЈ level populations range from 1ϫ10 8 to 3ϫ10 9 cm Ϫ3 , which is several orders of magnitude lower than the 4s,4sЈ level populations. Indeed, as will be shown later, radiative decay towards lower levels is very important in depopulating the levels. The two 4s,4sЈ metastable levels cannot decay to the ground state by emission of radiation ͑forbidden transitions͒ and have therefore a rather high population density. The two other 4s,4sЈ levels can decay radiatively to the ground level, but due to the high number density of these ground state atoms ͑ϳ10
16 cm Ϫ3 at 1 Torr͒, a substantial fraction of the radiation is again absorbed ͑i.e., radiation trapping, leading again to formation of these levels; see above͒, and the probability of escape of the emitted radiation is rather low, so that the population densities of the two 4s,4sЈ nonmetastable levels are also still considerable. The 4 p,4pЈ levels, however, can decay to the 4s,4sЈ levels by emission of radiation, and since the density of the 4s,4sЈ levels is many orders of magnitude lower than the ground level density, radiation trapping is negligible, and all the emitted radiation escapes and gives rise to the depopulation of the 4 p,4pЈ levels, resulting in lower population densities. Figure 5 illustrates the population density profiles of the 3d,3dЈ and 5s,5sЈ effective levels (nϭ12-17). It can be seen that the ratio of cathode glow peak to NG peak has decreased now ͑but it is still larger than 1͒, because the excitation energy is higher for these levels and the efficiency of fast argon ion and atom impact excitation decreases at the typical ion and atom energies encountered at the present glow discharge conditions. The profiles show now also a distinct peak in the beginning of the NG, corresponding to electron impact excitation.
Again, the level populations depicted correspond to the effective levels. Subdivision into the individual 3d,3dЈ and 5s,5sЈ levels was again carried out based on the statistical weights, and the resulting populations ͑this time at the maximum in the negative glow͒ are given in Fig. 6 . The populations seem again to be strongly correlated with the statistical weights, and depend only weakly on the excitation energy. The shift between the populations and the statistical weight values for the individual 3d states in Fig. 6 is a consequence of the lower cross section for electron impact excitation of the effective level nϭ13 ͑i.e., 3d͓7/2͔ 3,4 ͒ from the ground state in comparison with that for the effective level nϭ12 ͑i.e., 3d͓1/2͔ 0,1 ϩ3d͓3/2͔ 2 ͒. The population densities of the 3d,3dЈ and 5s,5sЈ levels vary between 1ϫ10 7 and 1 ϫ10 8 cm Ϫ3 which is clearly lower than the 4p,4pЈ level populations ͑Fig. 4͒. However, it should be mentioned that the 4p,4pЈ level populations in Fig. 4 correspond to the pronounced maxima in the cathode glow; the values in the NG are generally a factor of 10 lower ͑except for nϭ11͒. Hence, it follows that in the NG the 3d,3dЈ and 5s,5sЈ levels are only slightly lower than the 4p,4pЈ levels. The vertical dashed line in the figure divides again the levels into the unprimed and primed system, like in Fig. 4 ; it can again be seen that the level populations of the primed system are somewhat lower than the level populations of the unprimed system with the same statistical weights.
The population profiles of the still higher excited levels (nϾ17) show all more or less the same behavior: they are not characterized by a strong peak in the cathode glow anymore, but they reach a maximum at about 0.2 cm from the cathode ͑in the beginning of the NG͒. The level populations at the maxima of these profiles are presented in Fig. 7 , as a function of the effective level number n. The effective levels nϭ18, 19, 20, and 21 correspond to the 5p,5pЈ and 4d ϩ6s,4 d Ј ϩ 6 s Јlevels, respectively, which are the next excited levels after the 3d,3dЈ and 5s,5sЈ levels ͑see Table I and Fig. 1͒ , and it is therefore not unexpected that their level populations are still rather high. The levels nϭ27 (5d ϩ7s) and nϭ33 (6dϩ8s) are also quite high. Indeed, the transitions from the ground state to these levels are allowed ͑in contrast to the f and p levels͒, and the cross sections for electron excitation from the ground level are rather high, yielding a large production and hence high level populations. For the higher levels (nϾ21), it is generally seen that the odd effective level numbers ͑corresponding to the unprimed system; see Fig. 1͒ have clearly higher level populations than the even level numbers ͑which correlate to the primed system͒. This is mainly attributed to the differences in statistical weights, i.e., the statistical weights of the unprimed ͑odd͒ levels are generally two times the values corresponding to the preceding primed ͑even͒ levels, as is also illustrated in Fig. 7 . However, this is apparently not the only reason because it can be noticed in the figure that the variations in level populations are clearly higher than the statistical weight variations. Another reason is the following. The excited levels are populated, among others, by stepwise excitation from the 4s,4sЈ metastable levels. The excitation from a primed to an unprimed system, and vice versa ͑i.e., intercombination transition͒ is of rather low probability, and since the unprimed 4s metastable level population (nϭ2) is a factor of 5 to 6 higher than the population of the primed 4sЈ metastable level ͑except close to the cathode where the ratio is only a factor 1.5͒, it is indeed to be expected that the higher FIG. 5 . Calculated level population profiles of the 3d,3dЈ and 5s,5sЈ levels, at 1000 V, 1 Torr, and 2 mA: nϭ12: 3d͓1/2͔ 0,1 ϩ3d͓3/2͔ 2 ; nϭ13: 3d͓7/2͔ 3, 4 ; nϭ14: 3dЈ͓3/2͔ 2 ϩ͓5/2͔ 2,3 ; nϭ15: 5sЈ͓1/2͔ 0,1 ; nϭ16: 3d͓3/2͔ 1 ϩ͓5/2͔ 2,3 ϩ5s͓3/2͔ 1,2 ; nϭ17: 3dЈ͓3/2͔ 1 .
FIG. 6.
Calculated level populations in the beginning of the NG for the individual 3d,3dЈ and 5s,5sЈ levels, at 1000 V, 1 Torr, and 2 mA ͑left axis͒, as well as their excitation energies and statistical weights ͑right axes͒. The numbers on the x axis represent the following 3d,3dЈ,5s,5sЈ levels:
Calculated level populations at the maxima of their profiles ͑i.e., in the beginning of the NG͒ for the higher excited levels ͑nϾ17; for their designation: see Table I of Ref. 3͒ , at 1000 V, 1 Torr, and 2 mA ͑left axis͒, as well as their statistical weights ͑right axis͒. unprimed levels are also more populated than the primed levels. It can also be deduced from Fig. 7 that, in general, the level populations decrease slightly with increasing level number, and hence excitation energy. The trend is not very clear, but when one takes into account that the statistical weights of the levels increase with rising level number ͑see also Fig. 7, i. e., more individual levels are combined into one effective level; see Table I͒ , the effect will appear somewhat more pronounced. Table II lists the calculated relative contributions of the different populating and depopulating processes for the various levels, integrated over the entire ͑one dimensional͒ discharge region ͑i.e., from cathode to anode͒. For the 4s levels (nϭ2 -5), excitation from the ground level (nϭ1) by fast argon atom impact, but also by fast argon ion and electron impact, are very important production processes. Besides, production by radiative decay from the 4p levels is also of major importance. The latter is in rather good agreement with Ref. 60 where it is concluded that the total cross section for 4s metastable level excitation is dominated by cascade contributions. Moreover, stepwise electron excitation, especially from the lowest 4s metastable level (nϭ2) to the next 4s nonmetastable level (nϭ3), seems also to play a nonnegligible role. The remaining production processes incorporated in our model appear to be negligible, and are, therefore, not included in the table. Concerning the depopulating processes, collisions between two atoms in the metastable levels and Penning ionization of sputtered atoms seem the dominant loss processes for the 4s metastable levels ͑nϭ2 and 4͒. Moreover, electron impact excitation from the lowest 4s metastable level (nϭ2), primarily to the next 4s nonmetastable level (nϭ3), is also a rather important loss mechanism. The same is true for the other 4sЈ metastable level (nϭ4), which is also converted to the highest 4sЈ nonmetastable level (nϭ5) by electron excitation. Furthermore, electron excitation from the metastable levels to the 4 p levels is also responsible for a few %. Two-and three-body collisions with argon ground state atoms are of minor importance, as well as electron, ion, and atom excitation to higher levels and electron impact ionization from the metastable levels. As far as the nonmetastable 4s levels (nϭ3,5) are concerned, radiative decay to the ground level is clearly the dominant loss processes, and all the other processes can be considered negligible. Table II presents also the relative contributions of the different populating and depopulating processes for two 4 p levels, i.e., a low (nϭ7) and a high level (nϭ11). It follows again that fast argon atom impact excitation, and also fast argon ion and electron impact excitation from the ground level, are very important production processes, as is also radiative decay from higher excited levels, especially from the 3d and 5s levels. To a lesser extent, also stepwise electron, fast argon ion and atom impact excitation from the 4s levels ͑especially from nϭ2͒ play a role in populating the 4 p levels. For the loss processes, radiative decay to the four 4s levels are by far the dominant depopulating processes ͑radia-tive decay to the ground level is not allowed based on the selection rules͒.
B. Populating and depopulating processes
We compared our findings that stepwise excitation from the 4s metastable levels is more important for the lower 4 p levels ͑i.e., a contribution of a few % of the total production͒ than for the higher 4 p levels ͑i.e., virtually zero contribution͒ with the results of Ref. 61 . The two argon atomic spectral lines studied in that work are the 811.5 nm line and the 750.4 nm line. The first line corresponds to the transition from 4p͓5/2͔ 3 ͑nϭ7; hence a lower 4 p level͒ to 4s͓3/2͔ 2 (n ϭ2), whereas the second line connects 4 pЈ͓1/2͔ 0 ͑nϭ11; hence the highest 4p level͒ with 4sЈ͓1/2͔ 3 (nϭ5). It was shown in Ref. 61 that stepwise excitation from the 4s metastable levels is almost an order of magnitude faster for the production of the 811.5 nm line ͑i.e., for populating the 4p͓5/2͔ 3 level; nϭ7͒ than for the production of the 750.4 nm line ͑i.e., for populating the 4 pЈ͓1/2͔ 0 level; nϭ11͒, which is indeed in satisfactory qualitative agreement with our findings.
The 3d and 5s levels are primarily populated by electron impact excitation from the ground state, and for a few percent, by electron stepwise excitation from the 4s levels, as is illustrated in Table II for nϭ16. Since the excitation energies of the levels are becoming higher, fast argon ion and atom impact excitation from the ground state become less important, although their contribution is still far from negligible. Radiative decay from higher excited levels, especially from the 5p levels, is also quite significant. By far the dominant depopulating process is radiative decay to the 4 p levels; radiative decay to the 4s levels is not allowed, and decay to the ground state has a lower probability, because a substantial fraction of the emitted radiation will again be absorbed by the large population of ground state atoms ͑radiation trapping͒, which leads to repopulation of the excited level.
The 5p,4 d ,and 6s levels, which are represented in Table II by levels 18 and 20, resp., are mainly populated by electron impact excitation from the ground state and radiative decay from higher excited levels. Fast argon ion and atom impact excitation from the ground state play still some role, in spite of the relatively high excitation energies of these levels. Moreover, excitation and de-excitation from other excited levels, due to collisions with electrons or thermal argon atoms have also a small contribution, because these higher excited levels are lying close to each other, making transitions from one level to another more probable. Radiative decay transitions to the lower levels are the dominant depopulating processes: the 5 p levels decay primarily to the 3d and 5s levels, whereas the 4d and 6s levels decay about 50/50 to the 4p and 5p levels. Again, excitation to higher and de-excitation to lower levels due to collisions with thermal argon atoms and electrons are of some importance.
Finally, the relative contributions of the populating and depopulating processes for one of the higher excited levels, i.e., the 12sЈ,pЈ,dЈ, f Ј... levels (nϭ50), are presented in Table II . It can be seen that electron impact excitation from lower levels ͑not particularly the ground state level, but rather the excited levels, hence stepwise excitation͒ and deexcitation from higher levels are the dominant populating processes. Excitation and de-excitation between closely lying levels, due to collisions with thermal argon atoms or fast argon ions or atoms, are, however, becoming increasingly important for the higher levels. Indeed, the highly excited levels are lying close to each other and the argon atom and ion energies are sufficient to yield conversions from one level to another. Radiative decay from higher excited levels becomes of lower importance, not only because the number of higher-lying levels decreases when the effective level number of the level under consideration increases, but also because radiative transitions start playing a minor role for the higher excited levels ͑see below͒. As far as the loss processes TABLE II. Calculated relative contributions ͑in %͒ of the populating and depopulating processes, integrated over the entire discharge region, at 1000 V, 1 Torr, and 2 mA, for some selected levels ͑for their designations: see Table I͒. Level n Populating processes ͑%͒ Depopulating processes ͑%͒ are concerned, radiative decay to the lower levels becomes less important for the higher excited levels ͑although the number of lower lying levels increases͒. These levels seem, however, to be primarily depopulated by electron and thermal and fast argon atom and argon ion impact excitation and de-excitation to other levels.
V. CONCLUSION
A CR model for an argon glow discharge is described, taking into account 65 effective levels of argon atoms and all processes that can in theory play a role, i.e., radiative decay, electron, fast argon ion, fast argon atom and thermal argon atom impact ionization, excitation and de-excitation between all the levels, electron-ion radiative recombination and electron-ion three-body recombination where the third body is an electron, fast argon ion or atom, or a thermal argon atom. Some additional processes are incorporated for the two 4s metastable levels, i.e., Penning ionization of sputtered atoms, two-and three-body collisions with argon ground state atoms, collisions between two metastable levels, and diffusion and subsequent de-excitation at the walls. The cross sections and reaction coefficients for all these processes are discussed.
The results ͑i.e., level population profiles for the various levels, and the relative contributions of populating and depopulating processes͒ are presented at discharge conditions of 1000 V, 1 Torr, and 2 mA. The level populations of the 4s,4sЈ metastable levels are somewhat higher than the corresponding 4s,4sЈ nonmetastable level populations. Moreover, the 4s,4sЈ levels are much more populated than the 4p,4pЈ and higher levels. In general, the level populations of the excited levels are strongly correlated to their statistical weights and decrease slightly with increasing excitation energy. Concerning the different populating and depopulating processes, radiative decay seems to be dominant as production and loss process for the low-lying levels, although electron, fast argon ion, and especially fast argon atom impact excitation from the ground state are also important production processes. The higher excited levels are primarily populated and depopulated by electron, fast argon ion, and fast and thermal argon atom excitation and de-excitation between the various levels. 
